Neurogenesis continues throughout adulthood. The neurogenic capacity of the brain increases after injury by, e.g., hypoxiaischemia. However, it is well known that in many cases brain damage does not resolve spontaneously, indicating that the endogenous regenerative capacity of the brain is insufficient. Neonatal encephalopathy leads to high mortality rates and long-term neurologic deficits in babies worldwide. Therefore, there is an urgent need to develop more efficient therapeutic strategies. The latest findings indicate that stem cells represent a novel therapeutic possibility to improve outcome in models of neonatal encephalopathy. Transplanted stem cells secrete factors that stimulate and maintain neurogenesis, thereby increasing cell proliferation, neuronal differentiation, and functional integration. Understanding the molecular and cellular mechanisms underlying neurogenesis after an insult is crucial for developing tools to enhance the neurogenic capacity of the brain. The aim of this review is to discuss the endogenous capacity of the neonatal brain to regenerate after a cerebral ischemic insult. We present an overview of the molecular and cellular mechanisms underlying endogenous regenerative processes during development as well as after a cerebral ischemic insult. Furthermore, we will consider the potential to use stem cell transplantation as a means to boost endogenous neurogenesis and restore brain function.
INTRODUCTION
The intriguing discovery of proliferating cells in the mature rat brain by Altman and Das 1,2 in the mid-1960s was met with great skepticism by the scientific community. However, the development of proliferation markers such as [ 3 H]-thymidine or 5-bromo-2 0 -deoxy-uridine (BrdU) during the past decades confirmed the discovery of the existence of proliferating cells in the mature mammalian brain. These studies have indisputably established that neural stem cells (NSCs) from the subgranular zone (SGZ) in the dentate gyrus of the hippocampus and the subventricular zone (SVZ) in the lateral ventricles continue to proliferate under normal conditions throughout mammalian adulthood [3] [4] [5] (see review by Gould 6 ). Evidence from studies in rodents suggests that every month B6% of proliferating cells in the dentate gyrus are functionally integrated into the hippocampus. 7 However, aging decreases neurogenesis in the mammalian brain due to an increase in negative regulators of neurogenesis. [8] [9] [10] [11] For instance, Wnt production was shown to decline with aging, which in turn decreases NSC proliferation. 11 One might suppose that cerebral damage would lead to a molecular and cellular imbalance in the neurovascular niche favoring negative regulators and thus impair endogenous neurogenesis. However, studies in rodents provide accumulating evidence that the neurogenic capacity is preserved or even increases after injurious events such as seizures, 12 stroke, 13 or hypoxia-ischemia (HI). 14 This intriguing discovery prompted a wave of studies addressing not only the more fundamental aspects of neurogenesis, but also its possible role in the development and treatment of several neurologic disorders, such as epilepsy, 12 Parkinson's disease, 15 and Alzheimer's disease. 16 In this review, we will focus on the endogenous capacity of the neonatal brain to regenerate after a cerebral ischemic insult.
Currently, a growing number of studies focus on the development of strategies to protect and regenerate the ischemic-injured neonatal brain. Neonatal encephalopathy caused by perinatal cerebral ischemia remains a significant cause of neonatal mortality and leads to neurologic deficits such as cerebral palsy, mental retardation, and seizures. [17] [18] [19] [20] At present, the only available therapy is hypothermia, which is only effective in babies born at term with mild to moderate brain damage. 21, 22 Moreover, hypothermia has a short therapeutic window as it has to be applied within 6 hours after the ischemic event. 23 Hence, there is an urgent need to unravel the mechanisms underlying neurogenesis in the immature brain to assist in the development of alternative therapeutic interventions that induce and/or support endogenous neurogenesis.
Several studies by our group and others have shown that pharmacological intervention aimed at preventing neuronal cell death or neuroinflammation can provide efficient neuroprotection when administered within the first 24 hours after HI neonatal brain damage in experimental animal models. [24] [25] [26] [27] [28] [29] [30] [31] Additionally, there are a number of compounds that have a longer therapeutic 1 window presumably because they promote neuronal migration, neurogenesis, and oligodendrogenesis. 32, 33 We propose stem cell therapy as an additional strategy to regenerate the damaged brain areas with a potentially longer therapeutic time window. Recent work by our group and others support the concept that stem cell transplantation may have therapeutic potential with a relatively long time window by repairing the already damaged brain. [34] [35] [36] [37] [38] [39] In this review, we will first give an overview of developmental events taking place in the normal postnatal mammalian brain with emphasis on neuronal migration, spine/axon pruning, synapse formation, and myelin formation. Subsequently, we will discuss recent findings showing the endogenous capacity of the neonatal brain to regenerate after HI insult and the molecular mechanisms underlying endogenous regenerative processes after brain damage. Finally, the potential to use stem cell transplantation as a means to promote endogenous repair and restore brain function will be discussed.
THE DEVELOPING MAMMALIAN BRAIN
Neural Stem Cells in the Postnatal Brain Neural stem cells from the SVZ and SGZ are self-renewing and are capable of differentiating into neurons, astrocytes, and oligodendrocytes. 40 In this review, the term lineage-specific progenitors or precursors refers to cells with restriction to one specific lineage (e.g., neuronal, astroglial, and oligodendroglial). There are three types of stem cells in the SVZ (viz., Type B, C, and A cells). Type B cells give rise to actively proliferating C cells, 41 which in turn give rise to type A cells. Type A cells are immature neuroblasts that migrate in chains to the olfactory bulb (OB). 42, 43 Evidence suggests that type B cells have an astrocytic nature as they show morphologic characteristics of astrocytes and express astroglial markers, such as glial fibrillary acidic protein (GFAP). The adult SGZ contains two types of stem cells (viz., type I and type II). 44, 45 Type I progenitors are radial astrocytes that, in contrast to other astrocytes in the SGZ, express both GFAP and nestin. 46 The lineage-specific type II progenitors (also called type D cells) are derived from type I cells. 44, 45 Immature type II progenitors cells divide and will later show properties of neurons, e.g., express doublecortin (DCX), poly-sialylated neural adhesion molecule (PSA-NCAM), or neuronal nuclei (NeuN). 7, 45, 47 Until recently, NSCs had only been observed in the SVZ and SGZ of the healthy mammalian brain. However, an intriguing study identified neural progenitor cells in the neocortical layer 1 of adult rats subjected to mild ischemia. 48 These cells were shown to migrate radially into cortical layers 2-6 and differentiate into a subtype of GABAergic interneurons. The authors showed that proliferating cells in layer 1 are not derived from SVZ NSCs or progenitors, but rather from local progenitors that do not differentiate under normal conditions. However, the question remains whether these cortical progenitor cells are functionally integrated into cortical networks (see Fishell and Goldman 49 ). Thus, although some impressive experimental data suggest that neurogenesis can also take place in neocortical layer 1, indisputable proof is still lacking because of discrepancies between studies. Hence, the general theory is that under normal conditions, neurogenesis is restricted to the SVZ and SGZ in the adult brain, although progenitors may be present in other areas of the brain. This suggests that specific factors have to be present in the environment surrounding the NSCs, allowing the formation of new neurons. This concept is clearly shown in a study where progenitor cells from the spinal cord, a known nonneurogenic region, differentiate into neurons when transplanted into the SGZ, illustrating that the SGZ and SVZ provide an environment that supports neurogenesis. 50 This environment is known as the neurovascular niche, which comprises progenitor cells, different types of neurons (e.g., granule cells), astrocytes, and oligodendrocytes in close proximity to blood vessels (see Figure 1 ). These cells not only express membrane-associated factors, but also secrete mitogenic factors, growth factors, and neurotrophic factors that play a role in promoting cell proliferation, fate determination, neuronal survival, and maturation. 51 Therefore, we would like to propose that progenitors may be present outside the known stem cell niches in the brain, but that the environment of the progenitors will dictate differentiation and proliferation. The neurovascular niche will be described in more detail in the section 'Molecular and cellular processes in the neurovascular niche after HI brain damage'.
Postnatal Development of the Brain The mammalian brain is not yet fully developed at the time of birth and thus several developmental processes are still taking place postnatally. It is during this period that neurons will form synapses, which in turn develop into neural networks. Hence, an injurious event at this period will hinder maturational processes that may lead to life-long detrimental effects on, e.g., cognitive and motor modalities.
During the first postnatal weeks, a substantial amount of migrating cells can be found in the SGZ and SVZ of the rodent brain. The majority of these cells are glial progenitors, as gliogenesis persists in the SVZ for several weeks. These progenitors migrate in two distinct ways depending on their target area in the brain. Although some progenitors migrate radially toward the dorsal cortex, others first migrate tangentially along the white matter and then radially toward the lateral cortex. The mechanisms that regulate neuronal migration from the neurogenic regions, SVZ and SGZ in the postnatal brain, are comparable to those in the adult SVZ. In both cases, progenitors from the SGZ migrate toward the hippocampal granule cell layer and those from the SVZ migrate tangentially toward the OB through the rostral migratory stream (RMS). The progenitors migrating through the RMS, which consists of astrocyte tubes, form chains of cells that, when reaching the olfactory bulb, migrate radially into the granule cell layer and glomerular layer of the olfactory bulb (see review by Cayre et al 52 ) . One major difference between migration from the postnatal and adult SVZ is that the astrocyte tubes only appear 2 to 3 weeks after birth. 53 Therefore, migration to other brain regions, such as the striatum, may be facilitated in the first 3 postnatal weeks, as glial tubes may restrict the migration of progenitors within the RMS.
Neuronal network formation involves substantial reorganization of existing neuronal circuits, which is mediated by events such as spine/axon pruning and cell death. Spine/axon pruning and cell death are important opposing mechanisms establishing the patterning of the neural networks within the mammalian brain, and are essential for normal development and functioning of neural circuits. Indeed, abnormalities of spine structure and dynamics have been correlated to several diseases including Fragile X syndrome, 54, 55 Alzheimer, 56 and ischemia. [57] [58] [59] Spine/ axon pruning is characterized by the removal of inappropriate connections in different regions of the mammalian brain. Axon pruning can either involve the elimination of certain axon terminals within the same target area by competition or the removal of collateral branches targeting functionally inappropriate areas. 60, 61 This event is tightly regulated by intrinsic factors, such as transcription factors, 62 the ubiquitin-proteosome system, 63 and the Fragile X mental retardation protein (FMRP), 64 that are triggered in response to differentiation or maturation of the neuron. Pruning can also be triggered by extrinsic factors such as axon repulsion molecules, [65] [66] [67] hormones, 68, 69 and trophic factors (see review by Vanderhaeghen and Cheng 70 ). Synapse formation, a process that also takes place in the developing brain, shares several similarities with axon guidance.
Dendritic filopodia, like growth cones, search the proximal environment for a potential site to form a synapse. Furthermore, axon guidance cues also play a role in synaptogenesis as they promote or inhibit the formation of presynaptic terminals. 60 After the formation of axon-dendritic complexes, some contacts will become stabilized. At present, the molecular mechanisms underlying the stabilization of synapses remain poorly understood. This process may be mediated by interactions between proteins found on the cell surfaces of axon-dendritic complexes, such as cadherins, neurexin, and neuroligin. 71 Synaptic maturation is characterized by recruitment of post-and presynaptic proteins such as ion channels, scaffolding proteins, and presynaptic vesicles. 72, 73 Axon myelination is essential for neurons to function. The majority of myelin production by mature oligodendrocytes takes place early in life and continues until adolescence. Myelination depends on differentiation of oligodendrocytes and factors secreted by axons (see review by Emery 74 ). Mature oligodendrocytes will wrap their own cell membrane around axons, forming sheaths of compact multilayered membranes that function as an isolating membrane because of their rich lipid content. Axon myelination is a crucial step in the development of the central nervous system as it reduces energy consumption during the restoration of ion gradients by Na þ /K þ -ATPases. The restriction of action potential and ion currents combined with the isolating properties of myelin increase the conduction velocity, enabling saltatory signal propagation in the nervous system. 75, 76 Thus, axon myelination is of critical importance for normal brain function. This is clearly illustrated in debilitating disorders such as leukodystrophies, in which oligodendrocytes fail to assemble or to maintain myelin, leading to impaired motor-sensory and cognitive development. 75 
NEUROGENESIS AFTER A HYPOXIC-ISCHEMIC INSULT
Hypoxic-Ischemic Induction of Neurogenesis in the Subgranular Zone and Subventricular Zone Region A HI insult, which can occur during or after delivery, will lead to cerebral injury despite the endogenous neurogenic capacity of the brain. Accumulating evidence suggests that HI injury promotes extensive cell proliferation in the SVZ of the rodent brain. 14, [77] [78] [79] [80] [81] [82] [83] Several studies in which P6 and P7 rats and P10 mice were subjected to moderate HI showed that the SVZ expands in size, illustrated by increased cresyl-violet staining and nestin-positive cells in the ipsilateral SVZ. 78, 79, 83 Furthermore, an increase in BrdU þ cells was observed in the affected SVZ from 1 week to 3 weeks after HI, implying that cell proliferation is stimulated in this region. 14, [77] [78] [79] 81, 83, 84 Interestingly, BrdU þ cells were also shown in the striatum 14, 77, 78, 81, 83 and cortical regions 14,77,82 from 1 to 4 weeks after the insult. This finding suggests that either proliferating cells in the SVZ migrate to these regions or that local progenitors proliferate because of molecular changes in the cell environment. Overall, these results indicate that the SVZ maintains the capacity to promote cell proliferation, that the progenitor cells are capable of migrating to damaged brain regions, and that the striatal and cortical environments support proliferating cells after HI injury.
Accumulating knowledge has been gained on the capacity of the hippocampus of the adult brain to regenerate after an injurious event. Yet, only a few studies have investigated the proliferative capacity of the SGZ in the injured neonatal brain. Qiu et al 85 compared neurogenesis after HI injury in immature (P9) and juvenile (P21) C57Bl/6 mice by injecting BrdU during the first 7 days after the insult. After 4 weeks, BrdU þ cells were quantified in the dentate gyrus (DG) and the cornu ammonis (CA) region individually, thus making it possible to determine whether these Figure 1 . Neurogenesis and migration in the subventricular zone (SVZ) and subgranular zone (SGZ) after hypoxia-ischemia (HI) and mesenchymal stem cell (MSC) treatment. Schematic overview of the neurogenic niche in the SVZ and SGZ. Neural progenitors in the SVZ differentiate into neuroblasts (Dcx þ ), which not only migrate toward the damaged striatum, but also through radial migration along the corpus callosum toward cortical regions. Neuroblasts in the SGZ migrate along radial astrocytes toward the granular cell layer GCL in the dentate gyrus (DG). HI insult induces the production of several factors that promote neurogenesis and migration in the damaged areas. MSC administration increases the production of several factors that are involved in cell proliferation, differentiation, and migration. Cb, cerebellum; CC, corpus callosum; Cx, cortex; Dcx, doublecortin; EGFR, epidermal growth factor receptor; gcl, granular cell layer; GDNF, glial cell-derived neurotrophic factor; gp130, glycoprotein 130; LV, lateral ventricle; MMP, matrix metalloproteinase; OB, olfactory bulb; sgz, subgranular zone; VEGF, vascular endothelial growth factor. regions differ in proliferative capacity. Interestingly, HI injury did not affect cell proliferation in the DG, whereas in the CA region a significant increase in proliferation rate was detected in the immature (P9) brain. However, HI injury in juvenile (P21) mice induces a substantial increase in the proliferation rate in both the DG and the CA regions, showing the potential capacity of cells in the DG to increase proliferation in response to an insult. The apparent lack of cell proliferation in the immature (P9) DG may be explained by normal developmental processes; i.e., under baseline conditions, proliferation is substantially higher in P9 mice compared with P21 mice and may already have a maximal rate in the immature P9 mice. 85 In contrast to the results discussed above, recent work by Kadam et al 14 showed decreased cell proliferation in the DG region of CD-1 mice subjected to ischemia alone at P12. This discrepancy may be explained by the fact that different strains were used in the two studies and/or that there were differences in the severity of the insult. The CD-1 mice are more sensitive to HI injury than other mice strains, like, e.g., C57Bl/6. 86 Even though only unilateral carotid artery ligation was performed in the model used by Kadam et al, 14 histologic data show that the brain damage observed in their study was more severe than that experienced by the more resilient C57Bl/ 6 strain. Nevertheless, one should keep in mind that hypoxia might function as an additional trigger for cell proliferation. Another explanation could be the different BrdU injection protocols that were used. Qiu et al 85 administered BrdU from P10 to P17 once every day, whereas in the study by Kadam et al 14 BrdU was administered every 9 hours from P18 to P20. Therefore, the study by Qiu et al 85 detected cells that were proliferating just after the insult, i.e., during a period when the DG is still developing in the P9 mouse, whereas the study by Kadam et al 14 injected the BrdU during a phase in which DG was almost fully developed. Thus, the study paradigm may account for the lower levels of proliferating cells detected in the DG region by Kadam et al 14 and emphasizes the importance of standardizing experimental set-ups. One of the major challenges encountered when comparing literature results is to correctly identify and account for differences in the selection of ischemia paradigms and experimental protocols.
Cell-Fate Commitment of Proliferating Cells in the Subgranular Zone and Subventricular Zone
The next question to be addressed is the cell-fate commitment of BrdU þ cells found in the SGZ and SVZ. At present, studies suggest that glial cell fate commitment increases after HI in the dentate gyrus, whereas neuronal cell fate commitment remains surprisingly unchanged. 87, 88 This shows that although progenitor cells are able to proliferate after a HI insult, the damaged dentate gyrus is incapable of increasing neurogenesis and compensating for lost neurons and instead there is a trend toward astrocytic cell-fate commitment. Studies in adult rodents also suggest a limited regenerative capacity as only a few or no new neurons have been detected after HI injury. 87, 88 Furthermore, studies by Miles and Kernie 89 and Nakatomi et al 87 show that HI leads to extensive loss of neurons and that only a few newly formed neurons survive up to 6 months after HI. 87, 89 It is also unclear whether the newborn neuronal cells integrate into the local circuitry and become functional in the immature brain, and whether this effect is longterm. It has been described in studies using adult rodents that newborn neuronal cells show attenuated electrophysiological properties, such as field excitatory postsynaptic potentials (fEPSPs), which means that stimulation of a presynaptic terminal, e.g., the Schaffer collaterals, evokes a decreased postsynaptic response in the regenerated hippocampus. 7 These data indicate that the hippocampal environment no longer supports neuronal cell-fate commitment and functionality after HI. More systematic studies are necessary to clarify the mechanisms underlying impaired neuronal cell-fate commitment in the HI-injured brain.
A growing number of studies address cell-fate commitment in the SVZ, striatum, and cortex after HI. Several studies observed a significant increase in Dcx/BrdU double-positive cells in the SVZ, striatum, and cortex from 1 to 4 weeks after injury. 77, 79, [81] [82] [83] These double-positive cells were clustered in chains in the striatum and cortex and displayed the morphology of migrating neuroblasts. [82] [83] [84] Studies investigating the differentiation rate of proliferating cells into neurons and their survival show contradicting results. Current data show a decrease, 14, 78 increase, 83, 84 or no change (cortical area) 14 in NeuN/BrdU double-labeled cells compared with healthy brains. This discrepancy is possibly due to the use of different strains in the studies, which may affect the extent of brain damage after HI. It is striking that only the studies that used a neonatal HI model in Wistar rats observed increased neurogenesis in the striatum and cortex. This suggests that Wistar rats are more resilient to HI-induced cerebral damage than other rat or mice strains (e.g., Sprague-Dawley rats or CD-1 mice). For instance, in CD-1 mouse pups, a decrease in neuronal committed cells in the striatum and cortex was detected, despite substantial cell proliferation in the HI-affected SVZ. 79 Conversely, a substantial increase in GFAP/BrdU double-labeled cells was observed at P24 and P31, suggesting that proliferating cells tend to differentiate toward an astrocytic cell fate. 79 This finding is supported by all studies in rodents, independent of the strain used, as in all cases there is a substantial increase in glial cell-fate commitment in the striatum and cortex, implying that the environment after injury shows a predisposition toward gliogenesis. An alternative conclusion would be that this predisposition toward glial cell fate could be expected, as astrocytes form the largest glial cell population in the brain; they outnumber neurons by 5 times and comprise B50% of human brain volume. 90, 91 Investigations on the differentiation of neuron-committed cells in the striatum has surprisingly shown that most proliferating cells were calretinin (CR) positive, a marker for an interneuron subtype that encompasses only a small percentage of striatal neurons. 80, 82 Furthermore, no BrdU þ cells were shown to differentiate into striatal medium-sized spiny projection neurons, cholinergic neurons or parvalbumin (PV), calbindin (CB), or somatostatin (SOM) interneuron subtypes. Also, in the cortex, BrdU þ cells seem to differentiate into CR-expressing interneurons, which is unexpected because the majority of the cortical interneurons are of the PV subtype. These findings suggest that the progenitors from the SVZ are predisposed to differentiate into CR-expressing interneurons.
Survival of newborn neurons has been shown to be impaired after HI insult. Several TUNEL þ /BrdU þ cells were found at P31 in the striatum, showing that proliferating cells undergo cell death. 79 Furthermore, only 15% of newly generated neurons in the cortex survived 5 weeks after HI. 82 The authors proposed that newborn neurons mature slowly, 83 raising the possibility that the failure to detect NeuN/BrdU-positive cells in previous studies 78, 79 may be because of the relatively short period of time elapsed (2 to 3 weeks) after BrdU injection. Yet, prolonging the interval after BrdU administration may also lead to negative results, as the low number of newborn neurons could be the consequence of both slow maturation and impaired survival of neuroblasts.
Little is known regarding the functionality of newborn neurons in the brain after HI injury. A recent study by our group has shown for the first time that a HI insult induces changes in neuronal connectivity in the corticospinal tract. 92 To visualize the axonal projections from the damaged (ipsilateral) motor cortex to the lateral corticospinal tract (contralateral side), biotinylated dextran amine (BDA) was injected into the damaged (ipsilateral) motor cortex. The BDA is actively taken up by neurons and transported anterogradely toward the axon terminals, thus allowing the detection of neuronal connectivity. Our data showed that axons from the damaged (ipsilateral) motor cortex rewire toward the contralateral (undamaged) motor cortex by crossing the corpus callosum instead of projecting to the spinal cord through the corticospinal tract. Furthermore, injection of the retrograde transsynaptic tracer pseudorabies into the left forelimb muscles (labeled with monomeric red fluorescent protein) and right forepaw muscles (labeled with enhanced green fluorescent protein) showed a significant decrease in monomeric red fluorescent protein-positive neurons, indicating a loss of neurons projecting from the impaired cortex along the corticospinal tract. Interestingly, monomeric red fluorescent protein-positive neurons were detected in the contralateral (undamaged) cortex, providing evidence of adaptive functional processes taking place in the neonatal brain after HI.
Although the postnatal brain has the capacity to initiate regenerative processes after an insult, cell proliferation, neuronal differentiation, and possibly functionality of these newborn neurons are impaired. For this reason it seems that the complex network of molecular and cellular processes that orchestrate neurogenesis and long-term survival of newborn cells are disrupted by HI injury. It would be interesting to establish which factors determine postnatal cell-fate commitment and to which degree the molecular mechanisms overlap with early developmental programs. The mechanisms underlying this impairment are yet to be clarified and will be shortly addressed in the next section.
MOLECULAR AND CELLULAR PROCESSES IN THE NEUROVASCULAR NICHE AFTER HI BRAIN DAMAGE Factors Involved in Regulating Neurogenesis in the Healthy Brain
As mentioned before, the neurovascular niche plays a crucial role in regulating proliferation, differentiation, and survival of newborn neurons. Astrocytes provide structural support for proliferating cells besides producing several factors that are required to sustain neurogenic processes. Astrocytes comprise almost half of the cells in the dentate gyrus and are in direct contact with proliferating cells and in proximity to blood vessels. 93, 94 Endothelial cells play an important role in neurogenesis as they produce several factors (e.g., FGF2) that are essential for promoting cell proliferation, neuronal fate commitment, and supporting both projection neuron and interneuron cell fate. 95 The precise role of proteins involved in neurogenesis in the healthy adult brain has still to be unraveled, but during the past decade several studies using different approaches, including in vivo loss and gain of gene function, have shed some light on the role of some of these factors. Cell proliferation is mostly regulated by growth factors and neurotrophins, e.g., brain-derived neurotrophic factor (BDNF) and vascular endothelial growth factor (VEGF), but also by morphogens, such as Wnt3 and Shh. The latter class of proteins is also involved in neuronal cell-fate commitment. Most factors regulate more than one process, e.g., the morphogen Noggin that plays a role in neuronal cell differentiation and survival, and BDNF, which is among others involved in cell proliferation and survival (see review by Zhao et al 51 ). Besides growth and neurotrophic factors, the local neuronal network in the neurovascular niche is of pivotal importance in regulating neurogenesis in the adult brain. Dopaminergic signaling was shown to promote proliferation, GABAergic innervations are important for synapse formation, and glutamatergic innervations play a role in neuroblasts survival, dendritic development, and synaptogenesis (see review by Pathania et al 96 ) . More studies are necessary to determine the role that neurotransmitters play in regulating neuronal commitment, dendritic development, synaptic integration, and survival of newborn neurons in the postnatal brain after HI injury.
Factors Involved in the Modulation and Maintenance of Neurogenesis After HI Until now, only a few proteins that play a role in neurogenesis have been correlated to neurogenic processes after HI. However, growing evidence shows that a HI insult alters the cellular and molecular composition of the neurovascular niche. [96] [97] [98] [99] Therefore, although cell proliferation is maintained in the SVZ and SGZ, detrimental changes in protein expression in the brain can lead to impairments in neuronal fate commitment, survival, and functionality.
Results from microarray studies in the neonatal HI model show up-and down-regulation of several genes, e.g., growth factors and inflammatory proteins. 84, 97 Recent studies are starting to unveil some of the proteins that may play a role in mediating neurogenesis after HI cerebral damage. Here, we will discuss some genes that were upregulated in studies investigating neurogenesis after HI in the neonatal brain.
Increased mRNA levels of membrane receptors Notch1, epidermal growth factor receptor (EGFR), and glycoprotein 130 (gp130) were observed in the ipsilateral SVZ at 48 hours after HI injury. These changes in mRNA levels coincide with increased cell proliferation in the ipsilateral SVZ, suggesting a possible role for these membrane receptors in regulating neurogenesis after HI brain damage. 84 Notch1 was shown to be enriched in the SVZ and SGZ areas. 84, 100 Interestingly, recent data show that ablation of Notch1 expression in GFAP-expressing stem cells in postnatal mice results in a substantial decrease in proliferating cells and an increased preference for neural cell fate in the SGZ. 100 Alternatively, overexpression of the intracellular portion of Notch1 (called NICD), which initiates transcription of target genes, [101] [102] [103] increases proliferation and maintains GFAP-expressing stem cells. Notch1 ablation also leads to less complex arborization and branching of newly generated neurons, which is modulated in a dosage-dependent way. Together, these findings suggest that Notch1 may promote cell proliferation after HI injury and that its function may change during the different stages of neurogenesis.
Notch1 expression is increased by activation of gp130, which is a membrane receptor important for NSC survival and proliferation. 104 Importantly, Felling et al 84 showed that gp130 is upregulated in the SVZ where neurogenesis takes place after HI. Hence, it seems likely that gp130 may play a role in ensuring an environment that supports neurogenesis. Additionally, EGFR is a receptor for several ligands, including Egf1 and TGFa, that acts on a plethora of signaling pathways including mitogen-activated protein kinase (MAPK) and Rac pathways, and therefore plays a crucial role in promoting proliferation, migration, differentiation, and survival. 105 Another protein that appears to play a role in neurogenic processes after HI is the fibroblast growth factor receptor 1 (Fgfr1), which promotes progenitor proliferation 106 and neuronal fate commitment in proliferating cells. 107, 108 A recent study showed that ablation of the Fgfr1 gene from GFAP-expressing cells in mice leads to attenuated cell proliferation in the SVZ and decreased cortical pyramidal neuron production after HI. 109 Interestingly, Fgfr1 knockout does not increase apoptosis when compared with wild-type hypoxic mice, suggesting that Fgfr1 may be involved in mediating neurogenesis rather than neuroprotection after hypoxic injury. These results can therefore be interpreted as evidence that 48 hours after the insult, the SVZ environment supports proliferation, migration, and cell survival. 84 Besides an increase in neurogenic factors, some proinflammatory cytokines have also been shown to be upregulated after HI injury. Indeed, the expression levels of the cytokines interleukin-1b (Il1b) and transforming growth factor b-1 (Tgfb-1) increase after HI. 97 The Il1-b is expressed by activated microglia and promotes a proapoptotic and inflammatory environment. 110 The Tgf1b is not only expressed by activated microglia, but also by astrocytes. Conversely, Tgf1b is a proneurogenic factor, as downregulation of this factor reduces neurogenesis and impairs cognitive behavior. 111 Interestingly, the growth factor, colony stimulation factor 1 (Csf1), was also upregulated at 24 hours after HI. 97 The Csf1, which is expressed in astrocytes, promotes microglial development and survival, which in turn play an important role in promoting neurogenesis after HI injury. 112 Microglia are involved in the uptake of cell debris and dying cells after injury, which is essential for neuronal cell survival. Thereby, microglia can either be harmful or neuroprotective after HI (see Figure 1) .
Future studies need to assess the level of neurogenic factors at later stages during neurogenesis to understand how changes in the expression patterns of these proteins relate to neurogenic processes and cell survival.
Migration of Immature Neurons in the Neonatal HypoxiaIschemia-Injured Brain A recent study followed the migration of NSCs in the SVZ in healthy and HI-injured brains by in situ labeling the cells with micron sized iron oxide particle (MPIO), and measuring with magnetic resonance imaging. The results clearly showed that these cells no longer migrate toward the OB through the RMS, but instead migrate toward the damaged cortical areas. 113 The mechanisms regulating neuroblast migration toward the striatum in the neonatal HI brain are still unclear (see review by Cayre et al 52 ) . However, there is evidence that in the rodent adult brain SDF-1/CXCR-4 signaling mediates migration of neuroblasts from the SVZ to the striatum. Results show that reactive astrocytes produce SDF-1, whereas immature neurons express the receptor CXCR-4. 114 Furthermore, migration of immature neurons could be inhibited by the specific CXCR-4 inhibitor AMD-3100, proposing that these molecules are important regulators of migration of immature neurons in this brain region. Another study showed that DCX/BrdU-positive neuroblasts colocalize with matrix metalloproteinases (MMPs), a family of zinc endopeptidases that modulate all components of extracellular matrix in the brain, thus allowing the neuroblasts to migrate through axonal extension. 115, 116 Interestingly, inhibiting MMPs significantly suppressed migration of neuroblasts from the SVZ to striatum. 116 Furthermore, several studies have shown that MMPs are upregulated after ischemia. [117] [118] [119] Evidence suggests that migrating neuroblasts in the hippocampus use radial glial fibers as a scaffold because these cells extend their axons from the SGZ and traverse the granule layer perpendicularly (see Figure 1) . Another cell type that regulates migration in the SGZ are the Cajal-Retzius cells that secrete reelin, which is an extracellular matrix serine protease that seems to function as a stop or detachment signal for migrating neurons. The pivotal role of this protein is illustrated in the so-called reeler mice, as lack of reelin results in an inverted cortex due to aberrant migration of neurons to the superficial plate. 120 It remains unclear exactly how reelin regulates neuronal migration. So far, it seems to be mediated by very-low-density lipoprotein receptor (VLDLR) and apolipoprotein E type 2 receptor (ApoER2), which leads to tyrosine phosphorylation of the adaptor protein Disabled-1 (Dab-1). 121 Hypoxia is a known trigger of angiogenesis. Several studies have shown that blood vessels play a role in progenitor cell migration in the adult brain. Thored et al 114 established that HI triggers angiogenesis in the SVZ and striatum and that Dcx þ cells and blood vessels are closely associated. However, different numbers of progenitor cells were observed in areas with similar vascular density, suggesting that vessels are not sufficient to regulate migration efficiently.
In conclusion, it appears that the neurovascular niche in neonatal mice does not support full repair after HI damage and thus does not provide the structural and humoral support necessary for inducing and maintaining long-term neurogenesis (see Figure 1 ). The precise balance and gradient of proteins may be tightly regulated through the different stages of neurogenesis. Furthermore, cell migration and network formation is still taking place in the neonatal brain. It is therefore crucial to assist the neonatal brain in the regeneration process after cerebral ischemia, allowing it to repair the cellular and structural damage and to keep up with the developmental phase.
STEM-CELL BASED THERAPY: ENHANCING THE NEUROGENIC POTENTIAL OF NEURAL STEM CELLS
Until now, no definitive proof has been obtained that the primary goal of neurogenesis is regeneration of the brain after an injurious event. Enriched odor exposure increases the survival of newborn neurons in the rodent OB, thereby correlating neurogenesis to olfactory experience and learning in rodents. 47, 122 Methyl-CpG binding proteins (Mbd1) are highly expressed in progenitor cells and neurons, and are possibly involved in regulating DNA methylation in the adult rodent brain. 123 Studies show that mbd1 knockout mice have decreased SGZ neurogenesis and impaired learning and memory, 123, 124 suggesting a functional significance for neurogenesis in the SGZ of the rodent brain. Nevertheless, the fact that neurogenesis is restricted to specific brain regions implies that it plays a role in regulating the function of the hippocampus and olfactory system. Thus, current data raise the interesting possibility that neurogenesis may be important for the rodent brain to function normally. Nevertheless, evidence suggests that neurogenesis decreases after an injurious event, thereby proposing that regeneration may not be the primary goal of neurogenesis.
A growing number of studies suggest that mesenchymal stem cell (MSC) transplantation may be a promising tool to boost endogenous neurogenesis. Recent data show that administration of MSC after a HI insult significantly reduces lesion volume, improves behavioral performance, and promotes neurogenesis. 35, [125] [126] [127] Furthermore, studies show that MSCs migrate to the ischemic boundary zone where they induce changes in brain environment that promote and support neurogenesis. [128] [129] [130] A study from our group showed that intracranial MSC treatment at 3 and 10 days after HI-induced injury changes the expression of genes involved in regenerative processes. Some key functions associated with an increased gene expression are cell growth, cell proliferation, nervous system development, and cell migration. Our findings are further supported by studies in which human NSCs were transplanted intracranially at 24 hours after HI inducing an increase in the expression of genes involved in neurogenesis (e.g., doublecortin), migration (e.g., CXCR4), and survival (e.g., glialderived neurotrophic factor) 34 (see Figure 1) . Furthermore, studies show that MSCs 130 and human NSCs improve axonal sprouting and neurite plasticity by increasing the expression of factors like VEGF and Slit. 131 Results from our group show that transplanted MSCs do not differentiate into neurons and oligodendrocytes, suggesting that stimulation of endogenous NSCs by MSC is mainly responsible for restoring tissue damage. 132 Hence, current data strongly suggest that stem cells secrete factors that promote neurogenic processes and boost regenerative processes in the HI-injured neonatal brain.
Besides showing promising results as a therapeutic strategy, the use of MSCs as a treatment for HI injury holds a few more advantages over other strategies. One major appeal of using MSCs as a therapeutic tool is the considerably longer therapeutic window after HI, as administration of MSCs at 10 days after HI leads to improved motor and histologic outcome. 132 MSC treatment also has some advantages over NSC or embryonic stem cell therapies because MSCs do not express HLA-DR antigens and these cells are low immunogenic, in contrast to NSCs, and can be used over the allogeneic barrier. Over the past decade, allogeneic MSCs have been widely used as a treatment for hematopoietic diseases. 133, 134 Another major advantage is that they can be obtained easily and safely from placental tissue, umbilical cord stroma, and cord blood, whereas NSCs and embryonic stem cells can only be obtained from fetal tissue, thereby raising ethical issues. Transplantation of embryonic stem cells may have undesirable consequences as these cells can transdifferentiate into tumors besides differentiating into the desired tissue type. Although it has never been shown, the possibility remains that MSCs become HLA-DR þ after activation and thus lead to alloreactivity. However, MSCs only survive a few weeks after administration into the brain, which will limit the risk of inducing a host versus graft response in the brain. 132 Nevertheless, autologous MSCs from the stroma or blood of the umbilical cord might be the safest treatment option.
Another important aspect of stem cell therapy is finding an efficient and noninvasive administration route. Recent studies show that intranasally administered MSCs migrate toward damaged brain regions. 135 This method has some advantages over the more conventional administration routes, i.e., intracranial and intravenous injection, because it is less invasive and may reduce systemic exposure. Indeed, results from our own group show that intranasal administration of MSCs after neonatal HI in P9 mice is as effective as intracranial MSC transplantation leading to improved motor behaviour. 136 Furthermore, efficacy of treatment may also depend on the administration route. Recently, it has been shown that intravenously injected mononuclear cells 137 and NSCs 138 are not only detected in the brain, but also in a substantial amount in the spleen, 137 and liver and lungs, respectively. 138 Hence, significantly less of the injected stem cells will end up in the brain after intravenous delivery as they will circulate throughout the body and may even have an undesired effect in other organs.
CONCLUSION AND FUTURE PROSPECTS
It is increasingly evident that the neonatal brain has a limited capacity to adapt and regenerate after a deleterious event, such as cerebral ischemia. Although neurogenesis occurs under physiologic conditions and may even increase after an insult, the immature brain is incapable of fully regenerating after cerebral ischemia. This impairment may be because of the extent of cellular loss and also a possible disturbed expression of growth and differentiation factors in the neurovascular niche as a consequence of brain damage. Crucial questions to be answered are which factors play a pivotal role during the different phases of neurogenesis under normal conditions and, on top of that, how neurogenic processes within the brain are affected by an insult. Moreover, the molecular and cellular composition of the neurogenic niche that will favor regeneration has to be defined more precisely.
In the past years, significant progress has been made in optimizing stem cell treatment as a tool to boost the limited capacity of the neonatal brain to regenerate, especially by the use of MSCs. The intranasal administration route may represent the most optimal route in rodents, but has still to be verified in humans. Before translating the results to the clinic, more knowledge is also needed on the exact array of molecules that direct MSC migration toward the damaged regions.
Transplantation of MSCs induces regulation of the expression of many genes in the neonatal brain, but research is still scarce regarding the hierarchy or redundancy of the plethora of factors that are up-and down-regulated after transplantation. Although MSC treatment has a relatively long therapeutic window in animal models, one has to realize that the neonatal brain is still immature, being in a critical developmental phase. One of the most challenging issues to be solved in this area of research is to unravel the mechanism of how MSCs specifically adapt to the developmental and regenerative needs of the environment after injurious events in the neonate. We also propose here that MSCs do not integrate into the network but stimulate proliferation and differentiation of endogenous precursors. It will be intriguing to know to what extent these new (autologous) neurons and other cell types of the brain survive and integrate into existing functional networks. However, preclinical research has shown that MSC therapy has the potential to become an efficient therapy to treat neonatal brain damage by boosting the endogenous capacity of the immature brain to regenerate, thereby repairing the lesion and improving motor and cognitive behavior in the long term. The neonatal brain may even be a better 'target' for stem cell therapy than the adult brain because of the higher availability of endogenous precursors in the neonatal brain.
